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Abstract 

Over 130 genes have been associated with schizophrenia in genetic studies. None of these has reached a sufficient level of 
confidence to be accepted as a universal susceptibility gene and problems of replicability suggest that many may be false positives. 
Nevertheless, these genes can be grouped into distinct families related to glutamate transmission (in particular related to NMDA 
receptor function), the control of synaptic plasticity, dopaminergic transmission, oxidative stress, glutathione and quinone 
metabolism and oligodendrocyte viability. These families mirror the processes disrupted in the schizophrenic brain and certain gene 
families can be linked together to form a clearly defined signalling cascade involved in the phenomenon of NMDA receptor- 
dependent long-term potentiation and synaptic plasticity, that may be interconnected with oligodendrocyte and oxidative stress- 
related pathways. Many of the protein products of these genes interact with each other, forming complex integrated networks. 
Certain high-interest genes (for example DISCI, NRG1, COMT) may exert multiple effects on different areas of these pathways, 
while others exert more specific effects on certain branches. The convergence of a large number of genes on a definable signaling 
network raises the possibility of numerous interactions between gene candidates, and suggests that a targeted multigenic pathway 
approach would be useful in gene association studies. 
© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 

Schizophrenia is influenced both by genes and the 
environment. Prenatal exposure to famine or beri-beri 
(Davis and Bracha, 1996), tick infestation and Lyme 
disease (Brown, 1994) influenza or rubella (Brown, 
2006) have all been associated with an increased risk of 
developing schizophrenia in later life. These observa- 
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tions, together with reports of increased ventricular 
volume and decreased cortical volume in later life in 
schizophrenia (with no evidence of an ongoing neuronal 
lesion process) (Johnstone et al., 1976; Wright et al., 
2000) have contributed largely to neurodevelopmental 
hypotheses of schizophrenia (Rapoport et al., 2005). 

Current hypotheses suggest that schizophrenia is 
characterised by hypoglutamatergic and hyperdopami- 
nergic function. It is believed that the disease is related to 
over stimulation of subcortical DRD2 dopamine recep- 
tors, hypoactivity of frontal cortical DRD1 dopamine 
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receptors and reduced prefrontal glutamatergic activity 
(Goldman-Rakic et al., 2004; Laruelle et al., 2003). 
There is also evidence for synaptic changes in many 
brain regions, reflecting a reorganisation of synaptic 
inputs and reductions in dendritic length, spine density 
and arborisation of receptive cells. These changes have 
been observed in the prefrontal and temporal cortex, 
hippocampus and caudate nucleus (Black et al, 2004; 
Garey et al, 1998; Glantz and Lewis, 2000; Kung et al., 
1998; Rosoklija et al., 2000; Selemon and Goldman- 
Rakic, 1999) and constitute a major feature of schizo- 
phrenic pathology. Decreases in glutamate decarbox- 
ylase expression (GAD67/GAD1) in subsets of 
parvalbumin containing GABAergic neurones have 
also been observed in the frontal cortex (Lewis et al., 
2004). Schizophrenia is also characterised by astrocytic 
malfunction and oligodendrocyte cell loss. A summary 
of multiple studies of prefrontal cortical tissue from 
schizophrenic brains from the Stanley consortium high- 
lighted a consensus for a decrease in GFAP levels and 
oligodendrocyte number, a feature also observed in 
major depression and bipolar disorder (Knable et al., 
2001; Uranova et al., 2001, 2004). Apoptosis and 
necrosis of oligodendrocytes has been reported in the 
frontal cortex and caudate nucleus in both schizophrenia 
and bipolar disorder (Uranova et al., 2001). 

Decreases in oligodendrocyte density of —20-30% 
have been observed in various frontal cortical regions in 
schizophrenia (Hof et al., 2002, 2003; Uranova et al., 
2004) (Vostrikov et al., 2004). The immunoreactivity of 
the oligodendrocyte-associated markers 2',3'-cyclic 
nucleotide 3 '-phosphodiesterase (CNP) and myelin- 
associated glycoprotein (MAG)is reduced by a similar 
magnitude (Flynn et al., 2003). Microarray studies have 
also demonstrated a generalised reduction in the 
expression of oligodendrocyte and myelinisation asso- 
ciated gene messages in the schizophrenic brain (Hakak 
et al., 2001; Katsel et al, 2005a). 

Schizophrenia is also characterised by a large 
reduction in cerebral and CSF glutathione levels in life 
(Do et al, 2000). Levels of 5-5-cysteinyl DOPAC and 5- 
S-cysteinyl dopamine, the end products of dopamine- 
derived quinone metabolism are increased in the 
schizophrenic brain (Carlsson et al., 1994) and a number 
of publications suggest that free radicals and oxidative 
stress are implicated in schizophrenia pathology (Maha- 
dik and Scheffer, 1996; Reddy and Yao, 1996; Yao et al, 
2001). Recently, a microarray and proteomics study 
showed that many of the genes and proteins whose 
expression is modified in the schizophrenic brain are 
related to glutathione and oxidative stress pathways 
(Prabakaran et al, 2004). 



In parallel with the research that has led to these 
hypotheses and observations, genetic studies have 
identified over 130 putative (and highly contested) 
susceptibility genes that may predispose to schizophre- 
nia in some populations. These genes are the combined 
result of directed research related to the major schizo- 
phrenia hypotheses and of gene selection following 
genome-wide scans of chromosomes with closely 
spaced polymorphic markers. This review outlines the 
function of some of these genes and suggests that they 
may be organised into a signaling network whose 
dysfunction may play a key role in schizophrenia. 

2. Methods 

Genes associated with schizophrenia, or individual 
gene deletions, repeats or translocations were collected 
by literature survey and from the Genetic association 
database (GAD) (Becker et al., 2004) (http://geneticas- 
sociationdb.nih.gov) or the Database for Schizophrenia 
candidate genes focusing on Variations (VSD) (Zhou et 
al., 2004) (http://bioinfo.tsinghua.edu. cn:8080/vsd/ 
index.php). Linkage data for the chromosomal regions 
in which these genes are situated were recovered from 
the Online Mendelian Inheritance in Man database 
http://www.ncbi.nlm.nih. gov/entrez/query.fcgi?db= 
omim) and literature surveys. The selection aimed to 
include all genes for which at least one association study 
(either family or case-control studies) concluded that 
positive association was detected and is based on the 
interpretation of the original authors. Negative studies 
have not been included, but these exist for many of the 
listed genes (see Discussion). This include-all policy 
allows the presentation of a pool of genes whose 
implication may be supported/contested by other data. 
The reasons for this are related to an assumption of 
genetic heterogeneity in different populations and to 
possible gene/gene and gene/environment interactions, 
which may have influenced both negative and positive 
association studies. The collection assumes that both 
negative and positive association studies in different 
populations may be correct (assuming an adequate 
methodological statistical study) and that there may be 
an underlying reason for this heterogeneity. These 
problems are addressed more fully in the discussion. 
References for positive and negative association studies, 
together with details of each polymorphism and links to 
other databases can also be found in both the GAD and 
VSD databases for most genes. I have not detailed the 
individual polymorphisms. The review is concerned 
with identifying the common properties of sets of 
genes implicated in schizophrenia, and their global 
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Potentiate release 
BDNF, CHRNA7, GRIK3, 
HTR2A, HTR6 



Potentiate NMDA effects 

AKT1.BDNF, EGF, DRD5, GRM5 



Storage and release 

CAPON, CPLX2, DTNBP1, ENTH, NOS1 
SNAP29, STX1 A, SYN2, SYN3, SYNGR1 

UPTAKE 

SLC1A2 



Inhibit re lease:CNR1 , DRD2, GABBR1 , 
GRM3, GRM4, GRMS, HTR7, NPY 
Inhibit uptake:l L1 B, TNF 
Potentiate uptake: S100B 



BDNF 
Glutathione 
Nitric oxide 




NMDA Receptors 

GRIN1 , GRIN2A, GRIN2B, GRIN2D 

Scaffolds and partners 

APC.ARCVF.DLG2. HOMER1 , PICK1 
ARVCF, PRPLA, ERr304. PAXS. RGS4 

Glutamate receptors 

GRID1 ,GRM3, GRMS, GRMB, GR1A1. GRIA4. GRIK3 



Inhibit NMDA effects 

DRD2, DRD4, IL1B. NRG1 
Modify scaffold expression 
ATXN1, BDNF, NPAES 



EFFECTORS 

Stimulate AKT1. N0S1. PTGS2. PLA2G4. 
Inhibit SOD2 
Release Glutathione and BDNF 



PLASTICITY 

AKT1. BDNF, EGF, CHL1.CHN2. DISC1, DPYSL2, FEZ1, 
MAG, NTF3, NTGN1 , NTGN2. PLXNA2, RTN4, RTN4R, S100B 



DISC1 



NRG1 




Glutathione 
Nitric oxide 
Superoxide 



ATFS 



ATF4 



Oligodendrocyte-related 



Oxidative stress / defense 



Survival factors 

Glutathione, AKT1, BDNF, CNR1, 
CNP, CNTF, DRD2, DRP3, 
ERBB4, GRM5, EGF, IL2, IL4, 

IL10, MAG, MOG, NOS 1 , NOTCH4, 
NRG1 , NTF3, PAXB, PIK3C3, 
PLP1, PMX2B, S100B.QK1 



Toxic factors 

Dopamine, glutamate, GRIA1, 

GRIA4, GRIK3, IL1B, LTA, NOS1 
PLA2G4, TNF, TP63 



Quinone generation 

PTGS2, S100B SOD2, TYR 
and genes affecting dopamine levels 
A DH1 B, ALDM3B1 COM ,TmAOA, TH 



Environmental 
Influenza, Lyme disease, Rubella 
HLA-DRB1/MAG 



Quinone detoxification 

COMTGSTM1, MQ02, Glutathione (SLC1A2) 



Fig. 1. Genes associated with schizophrenia can be grouped into families and organised into a signalling cascade involved in the generation of 
NMDA-receptor dependent long-term potentiation and the control of synaptic plasticity. Other genes families are related to oxidative stress and to 
oligodendrocyte viability. The potential role of DISCI as a transduction hub between these pathways is illustrated. This suggestion is based solely on 
an analysis of the role of the binding partners of DISCI revealed in yeast two-hybrid studies and remains to be experimentally verified. Genes in 
larger typeface illustrate an involvement in several of the processes illustrated. See text and website (Carter, 2006) for references. 
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interrelations in a signaling network, rather than with 
their individual variation. 

Because of the large number of citations generated by 
so many genes, chromosomal location, association and 
linkage references and other effects are not always 
referenced in the main text but are available in the 
supplementary .html table, where case and family 
association studies are listed by country of origin. 
These data are posted at http://www.polygenicpathways. 
co.uk/ with hyperlinks to ENTREZ Gene, OMIM data 
and PUBMED. A brief summary of function, binding 
partners and expression data in schizophrenia is also 
provided. Where available, the relationships of parti- 
cular polymorphisms to protein function are provided. 
Genes associated with schizophrenia in at least one 
study are grouped into functional classes based mainly 
on ENTREZ gene data (http://www.ncbi.nlm.nih.gov/ 
entrez/query.fcgi?db=gene) which are referenced by the 
Gene ID rather than by the original source. Other 
reasons for ascribing genes to a particular family are 
referenced when necessary. Binding interactions 
between proteins are also culled from the ENTREZ 
database, except where specifically cited. Throughout 
the text, gene symbols for genes associated with 
schizophrenia are shown in bold. Gene symbols are 
those approved by the HUGO gene nomenclature 
committee (Wain et al., 2002). (http://www.gene.ucl. 
ac .uk/nomenclature/) . 

3. Results 

Genes associated with schizophrenia can be grouped 
into families that control similar processes. For example, 
DAO, DAOA, MTHFR, NAALAD2, PRODH and 
SLC1A2 (Table 1) would all affect the availability of 
glutamate, and in particular NMDA, receptor agonists. 

CPLX2, SNAP29, SYN2, SYN3, SYNGR1 and 
STX1A are all components, and CAPON, DTNBP1 
and ENTH, associates or regulators of the SNARE 
complex that regulates glutamate storage and release 
(Calakos and Scheller, 1996) CNR1, DRD2, GRM3, 
GRM4, GRM8, GABBR1 and HTR7 receptor ago- 
nists all inhibit glutamate release, which is stimulated by 



CHRNA7, GRIK3, HTR2A, HTR6 and HTR7 

receptor agonists. IL1B and TNFA inhibit glutamate 
uptake, which is potentiated by S100B (Table 2). 

DLG2, HOMER1 and PICK1 are all components of 
the postsynaptic scaffold that regulates glutamate and 
neuregulin (NRG1) receptor clustering. ARVCF, APC 
ATXN1, DRPLA, NPAS3, PAX6, RGS4 and 
ZDHHC8 colocalise with, bind to, or control the 
expression of postsynaptic glutamate or NRG1 recep- 
tors (ERBB4) and scaffold proteins (Table 3). 

GRIN1, GRIN2A, GRIN2B and GRIN2D (Table 
3) code for subunits of the NMDA receptor that couples 
to nitric oxide synthase (NOS1) (Brenman and Bredt, 
1997), whose activity is regulated by calcineurin 
(PPP3CC) (Rameau et al, 2003) and which binds to 
CAPON (Jaffrey et al., 1998). NRG1 controls the 
intemalisation of the NMDA receptor subunit GR1N1 
(Gu et al., 2005). NMDA receptor activation also 
stimulates cyclo-oxygenase-2 (PTGS2) and cytosolic 
phospholipase A2 (PLA2G4) activity and inhibits that 
of superoxide dismutase (SOD2). HMBS provides the 
heme cofactor necessary for NOS1 and PTGS2 activity 
(See Table 4). 

DISCI binding partners identified by two-hybrid 
studies (Millar et al., 2003; Morris et al., 2003) include a 
number of proteins that themselves interact with 
glutamate receptors. These include AKAP9, which 
binds to GRIN1 (Feliciello et al., 1999) alpha-actinin 
(ACTN2) which binds to both GRIN1 and GRIN2B 
(Wyszynski et al., 1997) and alpha-fodrin/spectrin 
(SPTAN1) which binds to GRIN1, GRIN2A and 
GRIN2B (Wechsler and Teichberg, 1998). The DISCI 
binding partner ARHGEF 1 1 also forms a complex with 
the NRG1 receptor ERBB2 and plexin Bl (Swiercz et 
al., 2004). The carboxy terminus of wild-type DISCI 
(but not the form truncated in certain schizophrenia 
cases) interacts with transcription factors ATF4 and 
ATF5 (Morris et al., 2003), as does the GABAb receptor 
GABBR1 (White et al., 2000). ATF4, which is also 
activated by NRG1 (Talukder et al., 2000), controls the 
resistance of cells to oxidative and other stressors and 
regulates the transcription of glutathione synthesis 
related genes (Harding et al., 2003; Rutkowski and 



Fig. 2. An interaction map illustrating some of the protein/protein interactions between the various products of selected schizophrenia-related genes. 
Control of gene expression by transcription factors (PAX6, PHOX2B, NFE2L2) is also shown. These interactions were collected from the literature 
or from information in the interactions section of the ENTREZ gene entries (See text and/or website (Carter, 2006) for references). Genes reportedly 
associated with schizophrenia are highlighted by grey boxes. Dark grey boxes represent current high-interest genes. The scheme is not intended as a 
physiological representation of a glutamatergic synapse but simply reports the binding and other interactions between pairs of individual proteins. 
Ternary or other multicomplexes should not be inferred. Solid lines and squares represent binding interactions between partners, Dashed lines and 
arrows represent effects on activity, expression or metabolic reactions. NAA=A L acetylaspartate; NAAG=A'-acetyl aspartylglutamate. DLG4 (psd- 
95) binds to all NMDA receptor subunits represented. 
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Kaufman, 2003). ATF4 also acts to repress LTP and a 
genetically engineered inhibition of ATF4 in mice 
enhances LTP, memory formation and synaptic plasti- 



city in mice (Chen et al., 2003). ATF5 controls the 
proliferation and differentiation of oligodendrocytes 
(Mason et al., 2005). 
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NMDA receptor activation results in long-term 
potentiation (LTP), a process involving the upregulation 
of postsynaptic AMPA receptors (GRIA1, GRIA4) 
whose clustering is controlled by PICK1 (Table 3). 
BDNF, which is released by NMDA receptor activation, 
plays an important role in this feed-forward increase in 
synaptic sensitivity via its multiple effects on glutamate 
release, and the control of the phosphorylation and 
expression of glutamate receptors and postsynaptic 
scaffold proteins (see Table 6). LTP is accompanied by 
increased postsynaptic dendritic spine development 
(Yuste and Bonhoeffer, 2001) which is NMDA receptor 
dependent (Collin et al, 1997; Toni et al, 1999). 

A number of genes associated with schizophrenia 
(ALK, CHL1, CHN2, DPYSL2, DISCI, FEZ1, 
MAG, NTNG1, NTNG2, PLXNA2, RTN4, 
RTN4R) are specifically involved in the control of 
neurite/dendrite formation or synaptic plasticity (See 
Table 5). Growth factors (BDNF, CNTF, EGF) and 
their PI3kinase signalling pathway (PIK3C3, 
PIP5K2A, AKT1,) also regulate this aspect of neuronal 
morphology (See Table 6). The AKT1 pathway is also 
activated by NMDA receptor stimulation and AKT1 
phosphorylates NMDA receptors, potentiating their 
effects (Sanchez-Perez et al., 2006). 

Many genes associated with schizophrenia either code 
for important oligodendrocyte constituents (CNP, 
MAG, MOG and PLP1) or regulate oligodendrocyte 
viability (CNTF, NRG1, ERBB4, NOTCH4, PAX6, 
and QK1) (See Table 7). Both glutamate and dopamine 
also kill oligodendrocytes via receptor-independent 
mechanisms, the former via inhibition of the transport 
of the glutathione precursor cysteine by SLC1 A2 (Rosin 
et al., 2004) and the latter by a mechanism accompanied 
by glutathione depletion and likely involving the 
generation of dopamine-derived oxidation products 
(quinones) (Khorchid et al., 2002). NMDA receptor 
stimulation has been shown to release the potent 
antioxidant reduced glutathione (Wallin et al., 1999), 
which protects oligodendrocytes from diverse toxic 
insults (see Table 7). A number of genes involved in 
dopamine metabolism storage, release or uptake 
(ADH1B, ALDH3B1, CHGB, COMT, MAOA, 
KCNN3, TH, SLC6A3) have been associated with 
schizophrenia (Table 8). Both DRD2 and DRD3 
dopamine receptors are involved in oligodendrocyte 
development and their stimulation protects oligoden- 
drocytes from glutamate and oxidative stress related 
toxicity (See Table 7). IL1B, LTA, NOS1, TNFA, 
PLA2G4 and TP53 are also involved in oligodendrocyte 
toxicity and BDNF, EGF or NTF3, as well as CNR1 or 
GRM5 receptor agonists, protect oligodendrocytes 



against various insults (Table 7). The class II major 
histocompatibility complex, HLA-DRB1, recognizes 
antigenic peptides derived from the oligodendrocyte 
protein MOG and also recognises peptides derived from 
the influenza and Rubella viruses and from the spirochete 
Borrelia burgdorferi which causes Lyme disease carried 
by Ixodes ticks (see Table 7 for references). Influenza, 
Rubella and Borrelia burgdorferi have been implicated in 
schizophrenia (see Introduction) and this molecular 
mimicry suggests that these environmental influences 
may well affect oligodendrocyte function. 

The oxidation of dopamine to cytotoxic quinones can 
occur spontaneously. It is also enzymatically driven by 
PTGS2, TYR or S100B (see Table 9). Quinone 
protection mechanisms are represented by GSTM1, 
NQ02 and the glutamate/cysteine transporter, 
SLC1A2, as well as by COMT (See Table 9). 

Serotonin system related genes are represented in 
Table 1 0 and miscellaneous genes annotated in Table 1 1 . 
Many of these, and other gene products, although not 
primarily concerned with glutamate transmission, den- 
drite development or oligodendrocyte function never- 
theless do affect these parameters as shown in the last 
lines of Table 2 (Gene products affecting glutamate 
release), Table 3 (Gene products affecting NMDA 
receptors or scaffold proteins), Table 5 (Gene products 
affecting neuritogenesis) and Table 7 (Gene products 
affecting oligodendrocyte function). 

The classification of these genes by family and their 
organisation into a signaling cascade implicated in the 
process of long-term potentiation is illustrated in Fig. 1 . 
A summary of the various interactions between the 
protein products of some of these genes is illustrated in 
Fig. 2. 

4. Discussion 

Two problems need to be addressed before discuss- 
ing the significance of this analysis; the problems of 
replicability and confirmation in association studies, and 
the fact that genes are chosen for study because of 
prevalent theories in schizophrenia (selection bias). It 
should also be noted that the association of some of 
these genes with schizophrenia, particularly when not 
yet replicated or supported by other functional or 
expression data is tenuous (DeLisi and Faraone, 2006). 

4.1. Heterogeneity in association studies 

A widely held view, given the enormous problems of 
replicability in genetic association studies, is that many 
of these report false positives because of problems in 
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statistical power and replicability, or because of 
recombination effects in which a nearby linked 
susceptibility gene may influence the association of 
another with the disease. Independent validation of 
individual association studies together with functional 
characterisation is of paramount importance, and 
lacking in many cases (DeLisi and Faraone, 2006; 
Hirschhorn et al., 2002). There is however a precedent 
that may provide a physiological explanation for some 
of the heterogeneity in association studies. Bladder 
cancer is also a multigenic disease involving multiple 
chromosomal loci (Yanagida et al., 2001). A recent 
study measured the association of 44-cell cycle and 
DNA-repair pathway polymorphic genes, only three of 
which were significantly associated with this disease, 
when assessed individually (Wu et al., 2006). However, 
an increasing number of polymorphisms, in different 
genes, sequentially increased the risk of developing the 
disease. Within the DNA repair pathway, for 4 or more 
polymorphic genes, each additional adverse allele 
(including those not individually associated with the 
disease) was associated with a 1.21 -fold progressive 
increase in risk. In the combined DNA repair and cell 
cycle pathways the integrative effects of almost half of 
the 44 polymorphic genes influenced the eventual risk 
outcome. In other words, the disease was more closely 
associated with the integrative effects of a number of 
polymorphic genes within a relevant physiological 
pathway, than with a variant in any particular gene. 

Most of the association studies in schizophrenia 
relate to single genes. As described by Owen, "...the 
mode of transmission is complex and probably reflects 
oligogenic inheritance against a polygenic background" 
(Owen, 2005). This polygenic background likely 
includes other polymorphic genes able to influence the 
pathology of schizophrenia. 

Several studies have shown that synergistic effects 
exist between polymorphic genes and their effect on 
schizophrenia susceptibility. For example, the associa- 
tion of the neuregulin receptor ERBB4 with schizo- 
phrenia may be conditioned by a concomitant 
polymorphism in the neuregulin gene, NRG1 (Norton 
et al., 2005). Such reinforcing effects have also been 
observed for interactions between DAO/DAOA (Chu- 
makov et al., 2002), GRIN1/GRIN2B (Qin et al, 
2005), TPH/SLC6A4 (Chotai et al, 2005) EGF/ 
TNFA (Kampman et al., 2005) and CLDN5/ 
PLA2G4A (Wei and Hemmings, 2005). Environmental 
factors may also affect genetic influences. For example, 
a Chinese study has shown that the association of 
APOE with schizophrenia was modified by date of birth 
and restricted to individuals born during times of famine 



(Liu et al., 2003). The recognition of MOG (Weissert et 
al., 2002), influenza (Hennecke and Wiley, 2002; 
Wedderburn et al., 1995), rubella (Nepom et al., 
1997), and Lyme disease pathogen proteins (Steere et 
al., 2003) by HLA-DRB1 provides another example of 
a potential gene-environment interaction that is likely to 
influence oligodendrocyte viability. 

The integrative effects observed in the bladder cancer 
study are likely to prevail when the candidate suscept- 
ibility genes belong to the same pathological pathway or 
share the same function, as is manifestly the case in 
schizophrenia. Association studies along the lines of 
those performed in bladder cancer would evidently help 
to resolve these complex issues. 

4.2. Selection bias 

The clustering of these genes into families related to 
schizophrenia pathology has obviously been affected by 
prevalent theories in the field. 1 However, the majority of 
the genes listed in Tables 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 
11 (all but 16, see website (Carter, 2006)) are also 
located within chromosomal regions associated with 
schizophrenia in microsatellite marker studies and this 
was often a guiding factor in their choice for association 
analysis. 

It is important to note that gene expression and other 
functional studies tend to support an implication of 
many of these genes in the pathology of schizophrenia 
(see website for individual expression changes (Carter, 
2006)). Genes whose implication is supported by 
association in 3 or more studies, by linkage studies 
suggesting an involvement of their chromosomal region 
and by expression or functional studies include AKT1, 
BNDF, CAPON, CHRNA7, COMT, DAO, DAOA, 
DISCI, DPYSL2, DRD2, DRD3, DRD4, DTNNP1, 
GRIN1, GRIN2B, GRM3, HLA-DRB1, HTR2A, 
IL1RN, MTHFR, NOS1, NRG1, PLA2G4A, 



1 Selection bias: A number of important susceptibility candidates, 
including DAO and DAOA (Chumakov et al., 2002), DISCI (Millar 
et al, 2000), DTNBP1 (Straub et al., 2002), and NRG1 (Stefansson et 
al., 2002) were initially identified as schizophrenia susceptibility 
genes from chromosome mapping studies. CLDN5, COMT, 
PCQAP, PRODH, RTN4R, SNAP29, UFD1L, ZDHHC8, and 
ZNF74 are all located on chromosome 22qll whose microdeletion is 
associated with a variety of developmental (Velo-cardio-facial 
syndrome, Di George syndrome) and psychiatric problems. 30% of 
adults with this deletion develop psychosis (Williams and Owen, 
2004). The selection of these genes as susceptibility candidates is, to a 
certain extent, untrammelled by functional hypotheses, as is the 
selection of genes based on observations of chromosomal transloca- 
tions (NAALAD2, GRM5, NPAS3, TYR, B3GAT1, PDE4B) and 
individual gene deletions (GSTM1). 



X 



C.J. Carter / Schizophrenia Research 86 (2006) 1-14 



PRODH, RGS4, SLC6A4, SYN2, TH and TNFA. 
Expression changes in schizophrenia have been 
observed for many others (see website) (Carter, 2006). 
Dysfunction in these gene categories is also generally 
supported by microarray and proteomics studies show- 
ing marked expression changes in presynaptic and 
postsynaptic elements related to glutamatergic transmis- 
sion (Mimics et al., 2000; Vawter et al., 2001), in genes 
related to neuritogenesis (Altar et al., 2005), in 
oligodendrocyte and myelin related constituents 
(Hakak et al, 2001; Katsel et al, 2005b; Sugai et al, 
2004) (Hakak et al., 2001; Katsel et al, 2005a) in 
astrocyte and growth factor related genes (Sugai et al., 
2004) and in components of glutathione and oxidative 
stress related pathways (Iwamoto et al., 2005; Praba- 
karan et al., 2004). Thus, despite the heterogeneity in 
association studies, converging expression and func- 
tional data support an implication for most of these 
genes or gene products in the disease process. 

5. Physiological implications 

This analysis suggests that genes associated with 
schizophrenia tend to cluster in families that can be 
related to some of the key pathological processes of this 
disease (glutamatergic and dopaminergic dysfunction, 
synaptic plasticity, oligodendrocyte cell loss and 
oxidative stress). As illustrated in the Results section 
and Fig. 1 , a large number of these genes converge on a 
glutamatergic pathway involved in the consolidation of 
memory (long-term potentiation) in which glutamate, 
acting via NMDA receptors, promotes increases in 
synaptic strength involving a remodelling of the 
postsynaptic receptor profile and associated plastic 
dendritic changes (Bashir et al., 1991; Davies et al., 
1989; Shi et al, 1999). NMDA receptor activation also 
releases a potent antioxidant, reduced glutathione 
(Wallin et al., 1999), which protects developing 
oligodendrocytes from diverse toxic insults, including 
those produced by dopamine, glutamate, AMPA 
receptor stimulation and TNFA (Khorchid et al., 
2002; Lee et al., 2004; Richter-Landsberg and Vollgraf, 
1998). Hypofunction of this signaling cascade could 
well lead to the impairments in the working memory 
functions of the prefrontal cortex that are a feature of 
schizophrenia (Goldman-Rakic and Selemon, 1997) and 
might also be able to influence glutathione function and 
oxidative stress. Glutathione levels are indeed reduced 
in the schizophrenic brain in life (Do et al., 2000). 
Developing oligodendrocytes are particularly sensitive 
to glutathione depletion (Back et al., 1998). Nitric oxide, 
a factor released by NMDA receptor stimulation, can 



exert toxic effects on oligoendrocytes but is able to 
protect developing oligodendrocytes from the effects of 
glutathione depletion (Rosenberg et al., 1999). Although 
oxidative stress might be expected to affect many cell 
types, it is tempting to suggest that the effects of NMDA 
receptor hypofunction on the NO/glutathione system 
and the abundance of susceptibility candidates related to 
the control of oligodendrocyte viability and function 
may combine to provide a means of dictating the 
vulnerability of this cell population. 

Of the many genes associated with schizophrenia, 
only a few are now considered as serious susceptibility 
candidates. Recent reviews have listed COMT, DAO, 
DISCI, DTNBP1, GRM3, NRG1 and RGS4 as strong 
(but not universally agreed) risk factors, and the 
convergence of these genes on common physiological 
processes has already been discussed (Harrison and 
Owen, 2003; Harrison and Weinberger, 2005). This 
convergence appears to apply to a multitude of genes 
associated with schizophrenia. 

In a complex system disease, with many different 
pathological features and endophenotypes, it is possible 
that several gene defects may be necessary to induce or 
influence the diverse aspects of the full-blown pathol- 
ogy and symptomatology of the disease. Thus, the fact 
that the various gene candidates cluster in families 
related to a number of different pathological processes 
in schizophrenia has important implications for associa- 
tion studies in this field. 

It has already been shown that certain of these gene 
variants are related to specific endophenotypes within 
the disease (For review see (Cannon, 2005)). For 
example the high activity Val/Met COMT polymorph- 
ism has been related to prefrontal cognitive disturbances 
(Egan et al, 2001), P300 deficits (Gallinat et al., 2003) 
or eye movement disturbances (Rybakowski et al., 
2002). One might presume that the genes involved in 
specific aspects of oxidative stress, oligodendrocyte 
function and plasticity might also be related to their 
equivalent sub-pathologies and corresponding endophe- 
notypes in schizophrenia. 

It is interesting that some of the major susceptibility 
candidates are able to affect many of these processes. 
For example, NRG1 inhibits NMDA receptor function 
(Gu et al., 2005), induces neurite extension in hippo- 
campal neurones (Gerecke et al., 2004), promotes 
oligodendrocyte growth (Flores et al, 2000), releases 
striatal dopamine when injected supra-nigrally (Yurek 
et al., 2004), and protects PC12 cells from H 2 0 2 
induced cell death (Goldshmit et al, 2001). COMT 
regulates dopamine metabolism but is also an 
important enzyme involved in quinone detoxification 
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(Zhu, 2004). Activation of this enzyme in astrocytes also 
increases the synthesis and release of the NMDA 
receptor agonist homocysteine, derived from the methy- 
lating COMT substrate 5-adenosyl methionine (Huang 
et al., 2005). 

The function of DISCI remains to be fully 
characterised, but it binds to components of the 
glutamate receptor scaffold (Millar et al., 2003) and to 
FEZ1 which controls neurite outgrowth (Miyoshi et al., 
2003). A further binding partner, ATF5 (Morris et al., 
2003), controls astrocyte and oligodendrocyte develop- 
ment (Angelastro et al., 2005; Mason et al., 2005) while 
another, ATF4 (Morris et al., 2003), regulates the 
transcription of glutathione related genes and controls 
the ability of cells to resist oxidative stress (Harding et 
al, 2003). ATF4 binds to nrf2 (NFE2L2) (He et al., 

2001) , a key transcription factor regulating glutathione 
and quinone-related genes, including GSTM1 and 
NQ02. NFE2L2 which is activated by oxidative stress, 
quinones and nitric oxide (cf, SOD2, PTGS2, TYR, 
S100B), also controls the transcription of BDNF, 
CHGB, GABBR1, HMBS, PTGS2 and SYN2 (Lee 
et al, 2003a,b; Yoo et al., 1993). DISCI thus appears to 
be a tantalising, but so far theoretical, link between the 
glutamate system and many other processes implicated 
in schizophrenia. This potential transduction hub, as well 
as other links between NMDA receptor signaling and 
oligodendrocyte function, clearly merits investigation. 

Certain genes may thus be able to affect many 
relevant underlying pathological processes, while others 
(for example those concerned only with glutamate 
release) may exert more specific and selective effects. 
These factors are likely to contribute to the importance 
and replicability of each polymorphism in association 
studies. 

5.1. Protein/protein interactions (see Fig. 2) 

Many of these gene products form micro complexes 
involved in very specific processes. For example, at 
presynaptic sites, CAPON binds to the synapsins 
SYN1, SYN2 and SYN3 leading to the formation of a 
ternary complex between NOS1, SYN1 and CAPON 
that is involved in the regulation of glutamate release by 
nitric oxide (Jaffrey et al., 2002). Nitric oxide modifies 
glutamate release via the 5-nitrosylation of synaptic 
SNARE proteins including STX1A (Di Stasi et al., 

2002) . Many components of the postsynaptic receptor 
scaffold complex (APC, CAPON, DLG2, GRIN1, 
GRIN2A, GRIN2B, ERBB4, NOS1) are all intercon- 
nected via diverse protein/protein interactions. The Dl 
dopamine receptor DRD1 also binds to the NMDA 



receptor subunits GRIN1 and GRIN2A and controls 
both NMDA receptor-mediated currents and phosphoi- 
nositide signaling (Lee et al., 2002). These interactions 
may play a key role in the disruption of DRD1/NMDA 
receptor signaling in the frontal cortex (Yang and Chen, 
2005)(see Introduction). DISCI also binds to other 
proteins whose genes have been associated with 
schizophrenia (FEZ1, MLC1 and PDE4B) suggesting 
a certain degree of functional convergence at this level. 
PTGS2, S100B and SOD2 all bind to the tumor 
suppressor TP53, which also controls TYR expression 
(See Table 9 for references). These and other protein/ 
protein interactions are cited in the website tables and 
illustrated in Fig. 2. The effects of defects in genes 
controlling the same microprocesses would again be 
expected to be integrative, both at the functional and 
genetic level, and the same conditional effects of various 
polymorphisms within these networks might be 
expected to apply. An analysis of protein/protein 
interactions in the human proteome has also noted that 
proteins implicated in inherited disorders tend to interact 
with proteins implicated in similar types of disorders, 
suggesting the existence of disease subnetworks 
(Gandhi et al., 2006). This functional convergence and 
interaction between protein products may also exist 
within a particular multigenic disease. 

6. Relevance to current and developing therapies 

The interest in glutamatergic hypofunction in 
schizophrenia is related to the ability of NMDA receptor 
channel blockers (ketamine, phencyclidine) to produce 
many of the symptoms of psychosis and many 
developing therapies are targeted towards increasing 
NMDA receptor function. There is some evidence that 
this approach may be effective. For review see (Coyle 
and Tsai, 2004). It is to a certain extent possible to 
rationalise the effects of neuroleptics in terms of their 
indirect effects upon glutamatergic function and to 
interactions between dopaminergic and glutamatergic 
systems at multiple levels. For example DRD2 receptor 
activation inhibits glutamate release in subcortical areas 
(Bamford et al., 2004; Kalivas and Duffy, 1997) and 
inhibits the effects of NMDA receptor activation in the 
hippocampus (Wang et al, 2003). It has been shown that 
chronic treatment with haloperidol or clozapine in rats 
increases the number of NMDA receptors labelled with 
[ 3 H]CGP 39653 in different cortical areas. Chronic 
haloperidol treatment in rats has also been shown to 
significantly increase the number of dendritic spines in 
the striatum as well as the number of synaptic boutons 
(Kerns et al., 1992). Many other reported effects are 
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beyond the scope of this review. Interestingly, the 
chronic administration of the atypical neuroleptics 
olanzapine and risperidone, but not haloperidol, 
increases the expression of DISCI in the frontal cortex 
in mice (Chiba et al., 2006) suggesting that these drugs 
may target this important transduction hub. 

No drugs in current use appear to target either the 
problems of oligodendrocyte viability or of glutathione- 
related oxidative stress in schizophrenia, an area that 
perhaps requires further research. It is of note that the 
oligodendrocyte cell loss and demyelination produced 
in rat pups whose mothers were treated with the 
endotoxin lipopolysaccharide during pregnancy can be 
prevented by the glutathione precursor iV-acetylcysteine 
(Paintlia et al, 2004). 

7. Conclusion 

Genes implicated in schizophrenia cluster in families 
related to key pathological processes and can be 
organised into a clearly defined signaling cascade 
related to NMDA receptor-dependent long-term poten- 
tiation. Multiple interactions between their protein 
products suggest a complex integrated network whose 
dysfunction may well underpin the pathology of 
schizophrenia. Certain major susceptibility candidates 
appear to be related to many of the underlying 
pathological processes. None of these polymorphic 
genes, in isolation, can be considered as a definable 
susceptibility gene for all cases of schizophrenia, and 
many individual polymorphisms may also exist in the 
normal population at similar frequencies. However, 
because of the overall functional convergence, the risk- 
generating effects of each polymorphism may be 
conditioned by concomitant variants in genes coding 
for their binding partners, transcriptional relatives or 
components of the same signaling cascade. The 
association of many genes may thus be restricted to 
subsets of patients with polymorphisms in related genes, 
whose integrative effects combine to produce the 
disease (See (Wu et al., 2006)). Such factors may well 
contribute to the heterogeneity in association studies, 
which may be a reflection of the complexity of the 
underlying pathological pathway(s). Genetic association 
studies may in fact etch out the underlying pathological 
pathways, a conclusion that has far-reaching implica- 
tions for a number of diseases of multigenic origin. 
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